Abstract -The formation of metallized polyimide films in situ, namely, the alkaline hydrolysis of film surfaces, chelation of the modified surface with metal ions, and their chemical reduction giving rise to a metal layer, has been investigated. Initial polyimide films are cast from reaction solutions on a glass substrate. The solutions are prepared through the polycondensation of dianhydride of tricyclo[4.2.2.0 2.5 ]dec-7-ene-3,4,9,10-tetracarboxylic acid and 4,4 1 -diaminodiphenyl oxide in N-methyl-2-pyrrolidone at 160 ° C. It has been shown that alkaline water-alcohol solutions are optimal media for the hydrolysis of the film surface. The maximal exchange of alkali metal ions is achieved through formation of a more stable metal-ligand complex of poly(amido acid), with the chelation rate depending on the nature of a metal. The metal reduction proceeds rapidly; however, the mechanism of this process depends on the pH of a medium. The annealing of metallized films results in the imidization of poly(amido acid) and in the growth of metal grains on the material surface to yield a metal layer with good optical properties and high conductivity.
INTRODUCTION
Metallized polymer materials are attracting progressively growing attention of researchers. Polyimides (PIs) offer promise for metallization owing to their high thermal stability and low thermal expansion coefficient [1, 2] .
There are several methods for metallization of PI films [3] that include, for example, the homogeneous incorporation of silver salts or complexes into prepolymer solutions followed by film casting or a superflow impregnation of metal compounds into polyimide films. The films thus prepared are annealed at high temperatures (no lower than 300 ° C for 5-7 h). During the process, the metal diffuses to the surface of the film. However, this procedure affords heterogeneous metal layers. The attempts to optimize the production conditions of films with homogeneous properties have failed. Moreover, the above methods are inapplicable for industrial PI films.
Furthermore, methods based on the formation of layers from silver metal on the surface of PI films were considered in [4] . However, this problem is difficult to solve, because silver has extremely poor adhesion with respect to the surface of PI films. Adhesion may be enhanced via modification of the surface by chemical or physical methods (plasmochemical etching, ion and electron bombardment, or photolysis). These methods greatly traumatize the film surfaces, whereas adhesion increases only slightly.
Metallized PI films are promising as high-reflectionmaterials for space technologies and recording systems for gamma-ray telescopes with wide-scale scanning radio antennas for space purposes and for the production of materials for adaptive and elastic optical devices [4, 5] . Good dielectric properties of PIs ensure their use as metallized materials in microelectronics [6] .
In this paper, we are concerned with a fundamentally new method for metallization of PI films via chemical impregnation.
The goal of this study is to develop an optimal procedure for the preparation of silver-coated PI films with good properties in a most convenient and simple way. Silver was selected as a metal owing to its outstanding optical and conductivity properties; PI films based on dianhydride of tricyclo[4.2.2.0 2.5 ]dec-7-ene-3,4,9,10-tetracarboxylic acid (the adduct of benzene and maleic anhydride, hereafter AB) and 4,4 1 -diaminodiphenyl oxide (DAFO) were used as a polymer base.
Metallized

EXPERIMENTAL
Materials
Silver acetate (reagent grade, Acros Organics), acetonitrile (anhydrous, analytical grade, Carlo Erba), potassium hydroxide (Prolabo), isopropanol (anhydrous, 99.8%, analytical grade, Acros Organics), and pyridine (analytical grade, Carlo Erba) were used as received. AB was prepared from benzene and maleic anhydride as described in [7] and recrystallized from propionic anhydride. DAFO (anhydrous, 99.9%, Acros Organics) was sublimated in vacuum.
Preparation of Polyimide Films
AB-based polyimide was synthesized in a threenecked flask equipped with a stirrer and a tube for feeding an inert gas [8] . The dianhydride (13.7 g, 0.05 mol), the diamine (10.0 g), and the pyridine (0.4 g, 5 mol) used as a catalyst were dissolved in N -methyl-2-pyrrolidone. The reaction mixture was initially stirred for 15 min at 100 ° C and then was heated to 165 ° C during 20 min and allowed to stay for 4 h.
The reaction solution was diluted with N -methyl-2-pyrrolidone to a concentration of 7%, poured onto a glass substrate, and kept at 200 ° C for 3 h.
Preparation of Metallized Polyimide Films
A film with a preliminarily degreased surface was swollen in acetonitrile for 20 min and subjected to alkaline hydrolysis in a 0.2 M KOH solution in a isopropanol-water (20 : 1) mixture. The hydrolysis of PI in the bulk was investigated with the use of 4-µ m-thick films cast from reaction solutions of PIs. The hydrolysis was studied via FTIR spectroscopy with a Nicolet 5700 FT-IR instrument. Chelation was performed in 3% solutions of silver acetate and nickel or cobalt nitrates. The chelation kinetics was investigated by thermogravimetry on a Mettler Toledo TGA/STDA 851 e instrument. Metals were reduced in the aqueous solution of sodium tetrahydroborate, and samples were annealed at 180 ° C for 4 h.
Potentiometric titration was carried out with a Mettler Toledo MP 220 instrument by measurement of the amount of potassium ions by means of their neutralization with a 1 N hydrochloric acid solution. The structure of reduced films was judged from micrographs taken with an LEO (formerly Cambridge) F360 scanning electron microscope equipped with an Oxford EDS 151300 X-ray analyzer.
RESULTS AND DISCUSSION
Preparation of Metallized Films and Study
of Their Hydrolysis Being thermostable and functionally active polymers, alicyclic polyimides are synthesized with the use of monomer AB.
The polycondensation of AB with DAFO is known to be a reversible reaction proceeding in two stages. Poly(amido acid) (PAA) is formed at the first stage. At the second stage, this polymer undergoes cyclization to polyimide via the dehydration reaction. It is obvious that the final polymer is functionally active and may be transformed into PAA through alkaline hydrolysis. Moreover, the films were not annealed after casting, because the annealing decreases the number of PAA groups necessary for further chelation with metals.
At the same time, for Coulomb-charged film surfaces to be formed, the targeted alkaline hydrolysis of polyimide surface layers leading to the opening of imide cycles and formation of charged carboxyl anions should be performed.
In order to investigate the effect of different factors on hydrolysis in bulk, the films were treated with 0.1 and 0.2 N KOH aqueous solutions. An analysis of the FTIR spectra of the films (the data are omitted) suggested that the degrees of opening of the imide cycle and the formation of potassium salt of PAA are proportional to the concentration of alkali. For example, after 20-min hydrolysis in 0.1 and 0.2 N KOH solutions, the degrees of hydrolysis are 7.5 and 10.5% respectively.
Sodium and potassium salts of PAA are water-soluble. Therefore, a longer exposure of the films in alkali solutions (more than 1 h) caused a loss in the polymer weight due to dissolution or washing-out of the surface gel-like layer of PAA salts. The active layer of the PAA salt was preserved on the film surface with the use of an organic solvent (isopropanol), in which the salts were insoluble. However, it should be noted that the hydrolysis of PIs proceeds in alkali solutions in the pure alcohol or water-alcohol mixtures in a different manner. 
